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but merely that it tampers with the normal decision-
making process that leads to a fast response time sen-
sitive to priming. Even during the TMS blocks, it is very
likely that repetition priming was still present in the left
fusiform gyrus, a region associated with orthographic
priming. To fully understand which pathways a sublimi-
nal stimulus takes, it would therefore seem highly desir-
able to probe them more directly, for instance by using
the same exact tasks and stimuli in an fMRI repetition-
suppression design.
A final issue concerns the timescale of such priming
effects. If single-pulse TMS were applied to other mo-
ments of the prime-target pair, would it be possible to
more precisely map the time course of prime processing
in different areas? Would the results confirm earlier sus-
picions that subliminal priming effects are extremely
short-lived? Or would it show that, in some areas,
masked words are still represented 700 or 800 ms after
stimulus onset (Naccache et al., 2005)? While the Naka-
mura et al. study leaves little doubt that the word ‘‘rats’’
in the anti-Gore campaign was effective in contacting
a variety of crossmodal representations of words in
the viewers’ brains, gaining a better understanding of
the time course of such subliminal activation will be es-
sential in order to evaluate its potential impact on our
decisions.
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Table 1. Top-Down Effects on the Processing of Nonconscious Masked Stimuli
Top-Down Mechanism Type of Experiment References Main Findings
Spatial attention Behavior in blindsight patient
GY and in normal subjects
(Kentridge et al., 1999;
Lachter et al., 2004)
Nonconscious stimuli are processed
only when presented within the focus
of spatial attention
Temporal attention Behavior and event-related
potentials
(Kiefer and Brendel, 2006;
Naccache et al., 2002)
Masked word or numbers cause
stronger priming when presented within
the focus of temporal attention
Task-setting Behavior and transcranial
magnetic stimulation
Present study Anatomical location of the relevant
site of TMS disruption of a masked
word depends on the current task
Response instructions Behavior, ERP and fMRI
evidence




learned consciously, are applied to
nonconscious stimuli
Stimulus-induced strategy Behavior (Greenwald et al., 2003) The set of conscious targets affects
which digits of a nonconscious
two-digit number are processed
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399Kv1.1 Takes a deTOR from
the Axon to the Dendrite
In the October 6th issue of Science, Raab-Graham
et al. described two surprising findings. They discov-
ered that local dendritic translation of Kv1.1 occurs
in CA1 dendrites of rat hippocampal slices and in cul-
tured neurons. This local translation is inhibited by
NMDA receptor-mediated synaptic signaling acting
through the mTOR kinase.
The regulation of dendritic Kv1 channel expression, and
ion channel expression in general, has now been greatly
expanded by the exciting work of the Jan lab (Raab-
Graham et al., 2006). In their recent report in Science,
Jan and her colleagues found the first evidence for local
activity-regulated local translation of Kv1 channels in
Neuron
400dendrites, a mechanism distinct from that established
by the same laboratory for the directed targeting of
somatically synthesized channels to axons (Gu et al.,
2003). Members of the Kv1 family of a subunits form
channels that are key and dynamic determinants of the
excitability of mammalian axons and nerve terminals
(Dodson and Forsythe, 2004), such that immunostaining
for Kv1 a subunits is most obvious in axonal tracts and
terminal fields (Trimmer and Rhodes, 2004). Moreover,
the function of axonal Kv1 channels is tightly regulated
by intracellular trafficking determinants, restricted local-
ization at precise subdomains of the axonal membrane
(Wang et al., 1994), and modulation through diverse
cell signaling pathways (Dodson and Forsythe, 2004).
Recent work suggests that Kv1 channels also play an
important role in dendrites of certain neurons (e.g., hip-
pocampal CA1 and neocortical pyramidal neurons), as
the channels that underlie the rapidly activating and
slowly inactivating dendritic D-type Kv current (Yuan
and Chen, 2006). Less is known of the mechanisms re-
sponsible for dendritic Kv1 channel expression, locali-
zation, and function.
In Raab-Graham et al.’s recent report, they find a re-
markable link between NMDA receptor-mediated syn-
aptic activity and a reduction in Kv1.1 protein levels in
dendrites. They then provide compelling data showing
that this occurs through an unexpected mechanism,
the mTOR-mediated suppression of dendritic Kv1.1
translation (Figure 1). Using organotypic hippocampal
slice cultures, they observed that rapamycin, an inhibi-
tor of mammalian Target of Rapamycin kinase (mTOR),
led to increased Kv1.1 protein levels in stratum radiatum
of hippocampal CA1, which contains the dendrites of
the CA1 pyramidal cells. They observed similar in-
creases in punctate structures in dendrites, but not
axons, of rapamycin-treated dissociated hippocampal
neuronal cultures. The mTOR pathway has been impli-
cated in certain forms of synaptic plasticity through ef-
fects on local protein translation. mTOR-dependent
phosphorylation of S6 kinase and elF4E binding proteins
leads to increased translation of a number of mRNAs via
activation of ribosomal proteins and the release of eu-
karyotic translation initiator factor 4E (Klann and Dever,
2004). It is interesting to note that while mTOR activity is
generally associated with increased protein synthesis, it
has also been shown to suppress translation of certain
proteins (Pirola et al., 2003) as shown here for Kv1.1.
Given the effects of rapamycin on dendritic Kv1.1 pro-
tein levels, the next question to address was whether
this dendritic Kv1.1 was synthesized locally in dendrites
or together with axonally destined Kv1.1 in the soma.
Raab-Graham et al. combined sensitive in situ hybrid-
ization methods to measure dendritic Kv1.1 mRNA
levels with a novel and elegant approach involving ex-
pression of a photoconvertible version of Kv1.1 protein
that allowed for live cell imaging of Kv1.1 translation.
Both endogenous Kv1.1 mRNA and newly synthesized
Kv1.1 protein were found prominently in dendrites asso-
ciated with translational ‘‘hotspots.’’ A unique aspect of
local mRNA translation in dendrites is the selective
localization of protein synthesis machinery at or near
synaptic sites and an accumulation of mRNAs near
synaptic sites that have recently experienced strong
activity, a form of synaptic tagging (Martin and Zukin,2006). That Kv1.1 mRNA was found at such sites promp-
ted Rabb-Graham et al. to test whether translation of
this component subunit of the Kv1 channels, critical to
regulating dendritic excitability, could be regulated by
neuronal activity (Figure 1), as has been shown for a sub-
set of other dendritic proteins (e.g., ARC; Steward and
Worley, 2001). Applying AP5, an NMDA receptor antag-
onist, led to significantly increased levels of endogenous
Kv1.1 protein in neuronal cultures and local Kv1.1 trans-
lation while simultaneously decreasing mTOR phos-
phorylation. The mechanism underlying the increased
translation was not investigated, such that inhibition of
NMDA receptor-mediated synaptic activity could affect
local Kv1.1 mRNA accumulation (which could be mea-
sured by in situ hybridization), by increased dendritic
targeting or by altering mRNA stability through effects
on mRNA binding proteins. Alternatively (or additively),
Kv1.1 translation itself could be regulated. In either
case, NMDA receptor-mediated excitatory synaptic ac-
tivity could locally inhibit Kv1.1 synthesis near active
synapses, with subsequent impact on dendritic electri-
cal signaling.
The work by Raab-Graham et al. greatly expands the
mechanisms whereby synaptic activity acutely regu-
lates the Kv channels that are critical determinants of
dendritic excitability. Lowered expression of Kv1 chan-
nels could lead to a local increase in the EPSP ampli-
tude, a lowering of the voltage threshold, as well as an
increase in the amplitude of back-propagating action
potentials. The sum of these effects could be an in-
crease in membrane depolarization and enhanced
Figure 1. Regulation of Dendritic Kv1.1 Translation by Synaptic
Activity
Cartoon showing that Kv1.1 mRNAs are transported from the neuro-
nal soma into the dendrite within granules and/or through associa-
tion with RNA binding protein complexes. Translation occurs upon
association of mRNAs with ribosomes at or near synaptic sites,
and their subsequent association with ER membranes. On the
right-hand side is the local situation near an active synapse, where
NMDA receptor-mediated suppression of Kv1.1 translation occurs
through the PI3 kinase-mTOR pathway. In contrast, near inactive
synapses (left-hand side) when the mTOR pathway is not active
the local synthesis of Kv1.1 protein is permitted.
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401removal of the Mg2+ blockade of NMDA receptors. Inter-
estingly, A-type Kv channels, composed of members of
the Kv4 family and prominent in distal dendrites, also ex-
hibit activity-dependent suppression, but in this case
through direct channel phosphorylation (Johnston
et al., 2003). Conversely, recent studies have shown
activity-dependent enhancement of delayed rectifier-
type Kv2.1 channels, found on somata and proximal
dendrites, through synaptically driven and calcineurin-
mediated dephosphorylation (Misonou et al., 2004).
Thus, NMDA receptor-mediated excitatory activity acts
through disparate protein kinases and phosphatases
to impact dendritic excitability via voltage-gated Kv
channels.
While local translation of many other dendritic pro-
teins is controlled by neighboring synaptic activity, this
is the first account of a Kv channel being regulated in
such a manner. The implications of this are intriguing
given the complex structure of mammalian Kv1 chan-
nels. Native neuronal Kv1 channels are oligomeric mem-
brane proteins, composed of four polytopic transmem-
brane Kv1 a subunits, which are the voltage-sensing
and pore-forming constituents of the channel complex,
and up to four cytoplasmic auxiliary Kvb subunits.
What would be the impact of the novel activity-depen-
dent regulation of Kv1.1 as demonstrated here on the
subunit composition of the D-type Kv1 channels in
CA1 dendrites? A wealth of evidence (biochemical, im-
munochemical, biophysical, and pharmacological) sug-
gests that dendritic Kv1 channels are not likely to be
Kv1.1 homotetramers, but instead heterotetramers of
Kv1.1 with other Kv1 a subunits. As such, are other
Kv1 a subunits coordinately regulated, or is the Kv1
channel subunit composition locally altered as a result
of discrete activity-dependent dendritic translation of
Kv1.1? Raab-Graham et al. showed that there was no lo-
cal translation or activity-dependent regulation of Kv1.4
a subunits in dendrites; however, this inactivating or
A-type Kv1 a subunit is not a likely component of nonin-
activating dendritic D-type channels (Guan et al., 2006).
As such, it will be important to investigate whether
Kv1.2, which colocalizes with Kv1.1 on neocortical pyra-
midal cell dendrites (Wang et al., 1994) exhibits local
translation on dendrites as does Kv1.1. Another interest-
ing question would be to investigate the effect of auxil-
iary Kvb subunits on dendritic Kv1 channels. As Kv1
channel subunit assembly occurs cotranslationally in
the endoplasmic reticulum (ER), coordinated synthesis
is critical to subunit composition. As such, we can envi-
sion two scenarios, one in which synaptic activity coor-
dinately regulates each of the component Kv1 a and Kvb
subunits in a manner that locally alters their numbers,
but maintains their composition. The second scenario
is one in which such regulation is restricted to Kv1.1,
leading to synapse-specific changes in subunit compo-
sition and channel function. A larger question is the
impact of the observed changes in Kv1.1 protein expres-
sion on neuronal physiology. Raab-Graham et al. pro-
vided no evidence that the locally synthesized Kv1.1
generated functional Kv channels. Such experiments
will be crucial to understanding the full impact of the
novel regulation of Kv1.1 on the functional characteris-
tics of dendrites. These studies also raise questions as
to local activity-dependent translation of other dendriticvoltage-gated channels (e.g., A-type Kv4, Kir2, HCN,
Nav, Cav) crucial to dendritic signaling. Such questions
will surely form the basis of many exciting studies in the
future.
Eliana Clark,1 Helene Vacher,1 and James S. Trimmer1
1Department of Pharmacology
School of Medicine
University of California, Davis
Davis, California 95616
Selected Reading
Dodson, P.D., and Forsythe, I.D. (2004). Trends Neurosci. 27, 210–
217.
Gu, C., Jan, Y.N., and Jan, L.Y. (2003). Science 301, 646–649.
Guan, D., Lee, J.C., Tkatch, T., Surmeier, D.J., Armstrong, W.E., and
Foehring, R.C. (2006). J. Physiol. 571, 371–389.
Johnston, D., Christie, B.R., Frick, A., Gray, R., Hoffman, D.A.,
Schexnayder, L.K., Watanabe, S., and Yuan, L.L. (2003). Philos.
Trans. R. Soc. Lond. B Biol. Sci. 358, 667–674.
Klann, E., and Dever, T.E. (2004). Nat. Rev. Neurosci. 5, 931–942.
Martin, K.C., and Zukin, R.S. (2006). J. Neurosci. 26, 7131–7134.
Misonou, H., Mohapatra, D.P., Park, E.W., Leung, V., Zhen, D., Miso-
nou, K., Anderson, A.E., and Trimmer, J.S. (2004). Nat. Neurosci. 7,
711–718.
Pirola, L., Bonnafous, S., Johnston, A.M., Chaussade, C., Portis, F.,
and Van Obberghen, E. (2003). J. Biol. Chem. 278, 15641–15651.
Raab-Graham, K.F., Haddick, P.C., Jan, Y.N., and Jan, L.Y. (2006).
Science 314, 144–148.
Steward, O., and Worley, P.F. (2001). Neuron 30, 227–240.
Trimmer, J.S., and Rhodes, K.J. (2004). Annu. Rev. Physiol. 66, 477–
519.
Wang, H., Kunkel, D.D., Schwartzkroin, P.A., and Tempel, B.L.
(1994). J. Neurosci. 14, 4588–4599.
Yuan, L.L., and Chen, X. (2006). Prog. Neurobiol. 78, 374–389.
DOI 10.1016/j.neuron.2006.10.014
